Urban areas are highly dynamic landscapes and urbanization patterns are spatially complex. For effective wildlife management in urban landscapes, it is essential to consider the complex history of urbanization and its timedelayed effects on species distribution. We examined whether the history of local land use affects the time-delayed response of Japanese hares (Lepus brachyurus) to landscape change in an urban ecosystem by hierarchically reducing the factors affecting differences in the response. We evaluated the occurrence of hares in 62 forest patches along an urban gradient in the Tama Hills area, Japan. Using sites where the surrounding landscape remained relatively stable, we calculated the habitat threshold of hare occurrence based on the surrounding forest area. We extracted sites that used to be suitable for hare occurrence in the past but later on surpassed the identified habitat threshold (i.e., 'regressive sites') and analyzed the landscape factors explaining the extinction debt of hares. Finally, we mapped potential extinction debt throughout the study region. We detected possible extinction debt in 4 regressive sites. We also found that forest patch size and the number of surrounding forest patches were related to hare occurrence. Based on this prediction, several other sites with potential extinction debt were identified in the study region. We found that the delayed response of the Japanese hares is likely caused by differences in forest fragmentation processes at each site. Our hierarchical approach could be an effective methodology for detecting and explaining the cause of extinction debt at the local scale and would contribute to the management of urban land for wildlife conservation.
Urban areas are highly dynamic landscapes, and the patterns (i.e., intensity and age) of urbanization are spatially complex (Antrop 2004) . Even if the current spatial configurations of habitat patches within an urban area appear similar, the trajectories of landscape change could be quite different (Ramalho and Hobbs 2012) . Urbanization decreases biodiversity and causes local extinction of wildlife via human-driven landscape change, such as habitat loss, fragmentation, and degradation (Dickman 1987; McKinney 2002 McKinney , 2008 . In a dynamic landscape, species responses in local habitats are often delayed relative to past human activities (e.g., Ellis and Coppins 2007; Piha et al. 2007; Chiba et al. 2009 ). However, studies conducted in urban landscapes have rarely incorporated an explicit temporal perspective accounting for the delay of biodiversity responses (Ramalho and Hobbs 2012) . For effective wildlife management in urban landscapes, it is essential to consider the complex history of urbanization in the area and its long-term effects on species distribution.
In general, biodiversity does not immediately respond to environmental changes (Kuussaari et al. 2009; Jackson and Sax 2010) . Delayed responses of species leads to a nonequilibrium state called an extinction debt, in which the state of biodiversity is greater than the equilibrium level predicted from current habitat conditions (Tilman et al. 1994) . Extinction debt leads to an overestimation of the current value of urban habitats (Hanski and Ovaskainen 2002) , and could be perceived as a window of opportunity to save species before they become extinct (Kuussaari et al. 2009; Wearn et al. 2012) . Therefore, when evaluating urban green spaces for wildlife management purposes, accounting for the time-delayed responses of organisms to historical landscape changes is essential.
The perception that a single process underlies the time-delayed responses of animals may fall short of explaining the full extent of the extinction debt as affected by the cumulative and interconnected effects of multiple environmental changes that occur simultaneously (Essl et al. 2015a (Essl et al. , 2015b . When a landscape contains patches of habitats with different degrees of landscape change, the presence of an extinction debt could largely depend on the historical context of each habitat patch (Guardiola et al. 2013) . To detect an extinction debt in such a complex landscape, one should first predict the equilibrium state of biodiversity using stable habitats (i.e., those that are undisturbed) and examine the magnitude of the extinction debt as the difference between predicted and observed values in unstable habitats (Kuussaari et al. 2009 ). When dealing with multiple processes, caution is required, since the mechanism of an extinction debt can be hierarchically nested (Hylander and Ehrlén 2013) , and prominent processes could mask the effects of minor ones even if multiple processes are investigated simultaneously. To dissect these interconnected mechanisms into individual processes, we suggest initially identifying the primary processes driving species distribution and then testing the effects of minor mechanisms.
Previous studies have often detected extinction debts using cumulative indices, such as the number of species or the species diversity (e.g., Cowlishaw 1999; Helm et al. 2006; Metzger et al. 2009 ). However, relaxation time usually differs according to species (Vellend et al. 2006) , depending on specific ecological traits (Sang et al. 2010; Koyanagi et al. 2012; Yamanaka et al. 2015) . The use of cumulative indices would reveal the overall trend of the community, but it could mask the underlying causes at the species level. To optimize biodiversity conservation, it is also important to examine how landscape changes generate time-delayed responses by evaluating individual species (Hylander and Ehrlén 2013) .
Species that are short lived and vagile are mostly known to be insensitive to the effects of historical land-use changes (e.g., Lindborg and Eriksson 2004; Metzger et al. 2009; Krauss et al. 2010) . For example, the distribution of the Japanese hare (Lepus brachyurus Temminck), a medium-sized herbivorous mammal with a relatively short life span (rarely living for more than 4 years; Shibata 1981), has been perceived to be unaffected by historical landscape changes (Saito and Koike 2009) . However, the presence of hares in some very narrow and isolated forest patches of < 10 ha (M. U. Saito, Tokyo University of Agriculture and Technology, pers. comm.) suggests the possibility of undetected effects from historical landscape changes at the local scale.
Here, we examined whether local land-use history affects the time-delayed response of Japanese hares to landscape changes in an urban ecosystem by hierarchically reducing the factors affecting differences in the response. Japanese hares are able to survive in fragmented suburban forests Koike 2009, 2013) , and are a key species in urban ecosystems based on their position in the food chain (Ohdachi et al. 2009 ) and for attracting the interests of urban residents (Fukue et al. 2002; Sonoda and Kuramoto 2004) . A previous study by Saito and Koike (2009) did not account for the historical context of each habitat patch and assumed that landscapes, originating from fragmentation events in different time periods, had equal effects on the current distribution of the Japanese hare. We conducted a reanalysis of their data demonstrating that careful examination of the trajectories of landscape change and a hierarchical reduction of environmental factors enables the detection of a previously unknown extinction debt. Based on our results, we hierarchically clarified the conditions where Japanese hares can live, mapped the distribution of potential extinction debt in an urban landscape, and discussed the implications of managing this species in fragmented urban forests.
Methods

Study Area
This study was conducted along an urban-rural gradient in the Tama Hills area of Japan (Fig. 1) . The region has a warm-temperate climate, with a mean annual temperature of 15.8°C and mean annual precipitation of 1,688.6 mm (from 1981 to 2010 at Yokohama). Elevation ranges from approximately 50 to 200 m. The northwest end of the research area is bordered by the forested Kanto Mountains, whereas the southeast end lies in the urban core of Yokohama and Kawasaki, 2 major commercial hubs of the Tokyo metropolitan area. Hilly slopes dominate a large portion of the study area, and erosion and sedimentation by rivers have created flat-bottomed valleys. There are narrow terraces along the sides of some valley bottoms, and remnant forests are found on slopes and some terraces. Residential areas dominate the flat plain and large parts of the terraces. The remnant fragments are abandoned coppiced forests (Quercus serrata) or cedar plantations (Cryptomeria japonica) on steep slopes.
In the Tama Hills area, land-use histories differ at the local scale. For example, in the central part of Yokohama, a forest was converted to farmland in the 1940s, then to a residential area in the 1970s (Harada and Harada 1995) . A comparison of landscape change in the center of the Tama Hills area determined that the onset of urban development differed depending on topographic condition (i.e., terrace or steep slope) (Ichikawa et al. 2006) . Therefore, the Tama Hills area is a suitable study site to investigate differences in landscape histories at the local scale along an urban gradient.
Grasslands and young forests are important habitats for Japanese hares in rural landscapes (Shimano et al. 2003 (Shimano et al. , 2006 . However, grasslands are rare in the Tama Hills area (e.g., Ichikawa et al. 2006) , and there are no young growth forests. Saito and Koike (2009) suggested that fragmented forests function as feeding sites and refugia in urban and suburban landscapes in Japan, due to an abundance of herbs and shrubs occurring along forest edges. In this study, we recognized urban forests as a habitat of the Japanese hare.
Data Collection
We used the distribution data of Japanese hares in the Tama Hills area following Saito and Koike (2009) . The presence or absence of hares in 62 forest patches along an urban-rural gradient was determined by a distribution survey of hare fecal pellets from May 2006 to March 2007 ( Fig. 1) . During the survey, fecal pellets were found in 23 forest patches (Supporting Information S1). Saito and Koike (2009) showed that the forest area within a distance of 500 m from the center of the focal forest fragment is the key factor in determining hare distribution. To obtain land-use histories from each site, we calculated forest area (ha) within a 500 m radius (i.e., the surrounding forest area) from the 1950s, 1974 , 1984 , and 1994 . To determine land use in the 1950s, we used 1:25,000 Japanese topographic maps with land-use symbols that were created after World War II (from 1952 to 1953) . Additionally, we used high-resolution 10-m grid land-use maps for recent dates (minimum cell size is 0.01 ha) (Geographical Survey Institute 2002a , 2002b , 2002c . Although it is desirable to use the land-use map in 2000s as the current data, no high-resolution digital land-use map at broad area was available. Moreover, when we preliminarily compared the surrounding forest area of detailed landuse map in 1994 with the surrounding forest area obtained from a coarser land-use map based on a vegetation map in 2000s, a correlation coefficient of > 0.95 was observed. Thus, in the present study, we used a land-use map in 1994 as the most recent data. To examine the landscape factors potentially related to the delayed responses of hares to landscape changes, we evaluated the following 6 variables: areas (ha) of agricultural and urban land use, the total lengths (m) of roads (≥ 5.5 m wide) and forest edges, the number of surrounding forest patches, and logarithm of the surveyed forest patch size (ha) (Supporting Information S1). All factors, except for forest patch size, were calculated within a 500 m radius of each surveyed site. We assumed agricultural and urban areas as indices of a matrix effect, and road length, forest edge length, number of surrounding forest patches, and forest patch size as indices of habitat fragmentation. Agricultural and urban areas, forest edge length, number of forest patches, and forest patch size were calculated using the previously mentioned 10 m grid land-use map from 1994. We defined a forest patch as an aggregation of adjacent forest polygons in land-use maps. To calculate the number of surrounding forest patches, we counted patches overlapping with a 500 m radius circle. Road lengths were calculated using a recently produced digital map (Geographical Survey Institute 2003a , 2003b .
Data Analysis
Our analysis is summarized as a flowchart depicting how each subset of data was defined and analyzed (Fig. 2) .
Extinction debt determination.-Because the landscape trajectory of each forest patch differed (Fig. 3a) , we decided to extract stable sites to determine the suitable landscape required for the occurrence of Japanese hares in urban and suburban landscapes. Surrounding forest area was the strongest variable explaining the occurrence of Japanese hares in a previous study (Saito and Koike 2009) and in our preliminary logistic regression analyses (Supporting Information S2), and we thus used it as the variable to discriminate both stable and regressive sites. Because spatial autocorrelation of species distribution may lead to misleading parameter estimates (Dormann et al. 2007) , we checked Moran's I correlograms calculated from residuals of a preliminary logistic regression analysis using surrounding forest area. Because Moran's I for all lag distances in the model were low (|I| < 0.05), we assumed that there was no spatial autocorrelation based on the criteria demonstrated in other studies (e.g., van Langevelde and Wynhoff 2009; Akasaka et al. 2011) .
Based on the coefficient of variation (CV) of surrounding forest area from the 1950s to 1994, we selected 22 stable sites with little or no forest landscape change ( Fig. 3b ; Supporting Information S1). A stable site was defined as having a CV of < 20%. In the lapse between 1994 and 2006-2007, there were no stable sites that experienced further change in forest landscape surpassing CV < 20%. We then used the stable sites to calculate the habitat threshold of the surrounding forest area to predict the presence or absence of hares (Fig. 2) . The threshold value was adjusted to minimize the difference between sensitivity (true presence rate) and specificity (true absence rate) (Jiménez-Valverde and Lobo 2007) .
To examine whether the occurrence of hares is influenced by a delayed response (i.e., presence of extinction debt), we extracted sites that used to be suitable for hare occurrence in the past but later on surpassed the identified habitat threshold (i.e., 'regressive sites'; Fig. 2) . If the response of hares to a decline in forest area was rapid, hares should be absent in all regressive sites. Conversely, the occurrence of hares in regressive sites would suggest delayed responses of hares to forest decline at the local scale. Thus, hare populations found in regressive sites represent a potential extinction debt owing to delayed responses to forest area decline.
Validation of threshold for suitable habitat.-We tested the threshold of surrounding forest area suitable for the occurrence of hares using 11 unstable (i.e., CV ≥ 20%) and nonregressive sites that were not used for the threshold estimation (Fig. 2) . To validate the threshold, we evaluated the accuracy of the prediction based on the threshold using the correct classification rate (CCR) and Fisher's exact test.
Factors affecting the presence of an extinction debt.-The occurrence of hares in regressive sites was further examined for factors that could be contributing to the time-delayed response (Fig. 2) . We analyzed the relationships between the presence or absence of hares and 6 landscape factors: agricultural and urban areas, the total lengths of roads and forest edges, the number of forest patches within a 500 m radius, and logarithm of forest patch size. Simple logistic regression analyses and likelihood ratio tests were performed for each factor. Factor(s) that showed significant relationships with the occurrence of hare in regressive sites was further analyzed to determine the threshold of time-delayed response. The threshold value(s) was adjusted to minimize the difference between sensitivity and specificity.
Mapping potential extinction debt.-Finally, we mapped the potential extinction debt of Japanese hares in the entire Tama Hills area using the threshold of surrounding forest area and the threshold of significant factor(s) affecting delayed responses of hares. Based on the thresholds, we hierarchically categorized all forest patches in the Tama Hills area in 1994 into three types as follows: SH (suitable habitat): suitable for living; PED (potential extinction debt): not suitable for living, but local populations might be temporarily remaining because of past landscape effects; USH (unsuitable habitat): not suitable for living.
In the hierarchical categorization of each forest patch, we first predicted the habitat suitability (i.e., SH or not) of each forest patch based on the threshold of the surrounding forest area in 1994 (i.e., most recent). When the most recent forest area of a given patch was smaller than the threshold of surrounding forest area, we examined whether the forest area in either 1974 or 1984 (i.e., historical landscapes) was larger than the threshold of the surrounding forest area. Sites with a historical forest area smaller than the threshold of the surrounding forest area were determined as USH, while other sites might support PED populations of hare. In the site with a PED, we estimated the existence or absence of an extinction debt (i.e., PED or USH, respectively) based on the threshold of significant factor(s) affecting delayed responses of hares.
Additional Distribution Survey
Because the distribution data used in this study were acquired approximately 10 years ago, the conditions of Japanese hare populations might have changed over the years. Especially, the hare populations in regressive sites might have become extinct since the last survey. To confirm the effectiveness of the map of potential extinction debt, we conducted an additional distribution survey from December 2015 to January 2016, using the protocol followed by Saito and Koike (2009) . This survey encompassed the search of a fecal pellet, in regressive sites with hare occurrence observed in 2006-2007. Additionally, we opportunistically interviewed the park managers about direct observations or field signs of hares in the site within 2 years.
Results
The threshold of the surrounding forest area for predicting the presence or absence of hares was 33.8 ha (Fig. 4) . Although the distribution of Japanese hares in the Tama Hills area could mostly be explained by the surrounding forest area (Fig. 4) , there were 4 occurrences of hares in regressive sites based on the threshold ( Fig. 3c ; Supporting Information S1). Hare populations in these 4 sites represented a potential extinction debt due to a delayed effect of historical landscape changes. There were no hare populations in 27 regressive sites ( Fig. 3c ; Supporting Information S1). We obtained a high CCR value of 90.9% and a statistically significant result (P < 0.05, Fisher's exact test) in our validation of the threshold value using unstable and nonregressive sites (Table 1) , thereby confirming that the threshold value of the surrounding forest area is a reliable estimate of habitat suitability for Japanese hares.
Based on simple logistic regression analyses and likelihood ratio tests using regressive sites, we found that both logarithm of forest patch size and the number of forest patches within a 500 m radius were significantly related to the occurrence of hares (P < 0.05, Fig. 5 ). Forest patch size was a positive factor, and the number of forest patches within a 500 m radius was a negative factor. The other factors analyzed were not significant (P ≥ 0.05, Fig. 5 ).
Since logarithm of forest patch size and the number of forest patches within a 500 m radius showed a significant relationship with the occurrence of hares in regressive sites, we used these factors to hierarchically categorize the forest patches found in the Tama Hills area to map the potential extinction debt. The thresholds of logarithm of forest patch size and the number of surrounding forest patches predicting the occurrence of hare in regressive sites were 3.0 and 19.5, respectively (Fig. 6) . Thus, the potential extinction debt of all forest patches in the entire Tama Hills area was mapped based on three thresholds: that of the surrounding forest area (33.8 ha), that of logarithm of forest patch size (3.0), and that of the number of surrounding forest patches (19.5) (Fig. 6) . A large number of forest patches with a potential extinction debt (765.6 ha in total) of local hare populations were identified and mapped in the Tama Hills area ( Fig. 7; Table 2 ).
The 4 regressive sites with hare occurrence in 2006-2007 were revisited to survey the persistence of hares. We found fecal pellets in only 1 site (Supporting Information S3). Among the remaining 3 sites where no fecal pellets was found, direct observation of hares was reported by the park manager in 1 site (Supporting Information S3). Overall, we confirmed the presence of hares in 2 regressive sites after nearly 10 years since the initial survey.
discussion
Although animals tend to respond rapidly to landscape change (e.g., Metzger et al. 2009; Krauss et al. 2010) , we identified possible extinction debt of Japanese hare populations in 4 regressive sites (Fig. 3c) . We also found that the delayed response was likely caused by differences in the processes of forest fragmentation at each site because occurrences of hares in regressive sites were positively affected by forest patch size (P < 0.05) and negatively affected by the number of forest patches within a 500 m radius (P < 0.05) (Fig. 5) . Habitat fragmentation causes the decline and extinction of local populations of various animals (e.g., Newmark 1991; Bender et al. 1998; Crooks 2002; Soga and Koike 2012; Munguia-Vega et al. 2013 ). Our results also indicated that habitat fragmentation could be responsible for the population decline of Japanese hares. Human development rapidly causes deforestation of urban ecosystems; therefore, setting aside a small number of large habitats would be preferable for the persistence of Japanese hares than leaving a large number of small forests if total habitat area were fixed. Because agricultural and urban areas did not account for the delayed response, the surrounding matrix does not serve as a habitat for Japanese hares (Saito and Koike 2009) . Previous studies have assumed and searched for a uniform extinction debt across a landscape while ignoring the possibility of a specific habitat history at the local scale (Guardiola et al. 2013) . In fact, a previous study using the same occurrence data of Japanese hares did not consider the differences in local habitat histories and failed to detect the delayed response even though habitat connectivity was taken into account (Saito and Koike 2009) . Our hierarchical approach first identified the primary process driving the distribution of the species and then tested the effect of minor factors. This could be an effective methodology to detect and explain the cause of an extinction debt at the local scale. Delayed responses in other species could also be detected by applying our hierarchical approach. Species respond differently to environmental changes and the trajectory of an environmental change could differ by location (Vellend et al. 2006; Guardiola et al. 2013; Hylander and Ehrlén 2013) ; therefore, a single species approach with hierarchical reduction of influential factors could be a useful method to explain the underlying causes of overall extinction debts at the community level (i.e., species diversity). The relaxation time of a species response often differs depending on the ecological traits and life history of the species, where long life span, low dispersal ability, and microhabitat specificity generally contribute to a delayed species response (Kuussaari et al. 2009 ). For example, Yamanaka et al. (2015) showed that the current species richness of some bats that are long-lived (often living for more than 20 years, Podlutsky et al. 2005) was affected by historical landscape changes. However, Japanese hares have a shorter life span (rarely living for more than 4 years, Shibata 1981) than bats. By contrast, hares have a relatively high reproductive ability compared to other midand large-sized mammals living in the study region (Saito and Koike 2015) , which might also contribute in delaying the relaxation time of Japanese hare populations under fragmented, but connected habitats.
According to an additional distribution survey and an interview, Japanese hares were absent in 2 of the 4 regressive sites where local populations were observed in the initial survey. This indicated that the local hare populations in these 2 sites were lost through the payment of extinction debt during the past decade. In the Tama Hills area, deforestation was most rapid after the 1980s (Fig. 3c) , indicating that the time delay detected by this study was approximately 20-30 years. The detected time delay is short, however, when compared to plants whose distribution is often affected by past landscapes of 50-100 years earlier (e.g., Ohtani and Koike 2005; Koyanagi et al. 2009; Vega et al. 2010) . Although our additional survey suggested that about one-half of the extinction debt might be already paid, there still might be time to avoid the remaining payment through conservation and management.
With a careful and accurate evaluation of delayed responses of species, mapping an extinction debt is a powerful tool to support conservation and management of biodiversity at the landscape scale (Cowlishaw 1999; Wearn et al. 2012; . In this study, we predicted the distribution of potential extinction debt of hare populations (i.e., PED) in the Tama Hills area by considering the habitat histories at the local scale (Fig. 6) . As 10 years have passed since the initial survey, the PED map represents potential hare distribution in the course of paying its extinction debt. For the persistence of the living dead populations, habitat areas (i.e., the surrounding forest areas) should be increased. However, in urban areas, preserving or restoring large and well-connected reserve areas is usually difficult because funding and space for conservation and management are limited . In such cases, increasing habitat quality might be an option . Restoring species-rich understory vegetation by routine mowing in fragmented forests would be important for improving habitat quality through an increase in nutritional resources and refugia (Saito and Koike 2009) . With maps showing the distribution of probable areas undergoing an extinction debt, land managers can identify important habitat patches for restoration projects.
We used a snapshot of the distribution of Japanese hares in Tama Hills area, owing to the lack of information on past distribution. Thus, we could not consider the variation in distribution in each site based on colonization-extinction processes of the hare population. Moreover, if the hare distribution was based on meta-population structure, it is difficult to distinguish whether the distribution in each site was the source or sink population. It is important to interpret our results while paying attention to these processes. Temporal distribution (or abundance) data in each site would be required to answer these questions. Although the temporal data from past to present are generally rare (Kuussaari et al. 2009) , it is desirable to use temporal data for detailed evaluation of extinction debt. Developing a distribution database of mammals by accumulating distribution and abundance data from various sources would aid the progress of research dealing with time-lagged responses of mammals.
Urbanization is spreading worldwide, particularly in developing countries, and is predicted to further increase due to population growth (Seto et al. 2012) . As urbanization increases, more urban green spaces are expected to become fragmented resulting in isolated forest patches with their own histories. Specific differences in development history and the course of landscape change would likely result in extinction debts that are unique to each patch (Guardiola et al. 2013) . In order to avoid the payment of extinction debt, researchers and developers should pay attention to historical differences in land-use changes at the local scale. Wildlife living in urban areas affect the well-being of human residents. Even in urban landscapes, one seeks mammal-related activities, such as feeding and observing wildlife (Bjerke and Østdahl 2004; McCleery et al. 2007) . It is known that observing wildlife improves one's view and support of biodiversity conservation (Bjurlin and Cypher 2005; Dearborn and Kark 2010) . In the context of biodiversity conservation, our hierarchical approach would contribute to the management of urban land for wildlife conservation through a better understanding of the methods used to evaluate delayed responses and extinction debts.
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